The hyporheic zone and its interactions with coarse surface sediments is increasingly reported by aquatic ecologists because the water exchanges between surface and subsurface are important factors for the understanding of the ecosystem functioning. However, the hyproheic oligochaete assemblages have received less attention than other assemblages such as crustaceans. In addition, studies investigating the incidence of pollution in watercourses have mostly focused on the benthic zone and have neglected the hyporheic zone. Some examples are given from an unpolluted glacial river (Roseg), polluted plains rivers (Moselle, Rhoˆne) and a protected wetland in an urbanized environment. The hyporheic zone kept the memory of past and present incidences of pollution, in particular when downwellings of polluted surface waters to the hyporheic zone predominated. The Active hydrologic Exchange Describers between surface and subsurface (AED oligochaete species) were the same in the glacial river Roseg, the rivers Rhoˆne and Moselle and the urbanized wetland. The predominance of pollution-tolerant species like Limnodrilus hoffmeisteri was observed in polluted groundwater as well as in polluted surface coarse sediments. Moreover, the urbanized wetland exhibited a high species richness, suggesting that the hyporheic zone is a reservoir of species. The oligochaete communities enable biologists to simultaneously assess the pollution incidence, the permeability of coarse habitats, the water exchanges between surface and subsurface, and give an approximate measure of the metabolic activities in the sediments. Consequently, the simultaneous study of surface and hyporheic oligochaete assemblages is of great interest when considering the ecological functioning of watercourses and the incidence of pollution inputs.
Introduction
This paper does not represent an exhaustive survey of research contributions and as such is very incomplete regarding the study of surface coarse and hyporheic sediments for the watercourse functioning evaluation. We tried to underline what should be reasonably attainable when dealing with the ecology of oligochaete assemblages living in coarse surface sediments and the hyproheic zone, and their importance for understanding of ecological functioning of watercourses.
The hyporheic zone may be defined as the saturated interstitial areas beneath the stream bed and into the stream banks that contain some proportion of channel water (Gibert et al., 1990; Vervier et al., 1992; White, 1993) . Underestimated for a long time, its relations with surface waters and its importance for understanding the ecology of river corridors is now well recognized (Hynes, 1983; Danielopol,2002 Danielopol, , 2003 . Ward (1989) pointed out the four dimensional (length, width, depth, time) structure of lotic ecosystems. Fellows et al. (2001) demonstrated that 40-93% of the whole stream respiration occurred in the hyporheic zone. These authors also demonstrated that important ecological processes can occur in the shallow but hydrologically dynamic hyporheic zone.
The bottom of watercourses formed in coarse-grained sediments is related to the hyporheic system and is the prime habitat where water exchanges between surface and subsurface occur. Coarse sediments generally predominate in the majority of freshwater ecosystems in France, excluding the deep zones of lakes, reservoirs, some back waters and aquatic habitats in the wetlands, but including the littoral zone of many lakes, including Lake Geneva. For example, the deep zones of the river Rhoˆne are composed of coarse sand and gravel at 8 m depth downstream of the urban area of Lyon, although the width of the river is about 200 m . Even in the slow-flowing river Saoˆne, at Site Auxonne (150 m width, current velocity less than 0.1 m s )1 ), the fine-grained sediments are restricted to the bank areas where coarse sediments also predominate. The deep zone ()4 m) is composed of gravel and coarse sand (Lafont, 1989 and unpublished data) .
The benthic habitats of running waters formed by coarse sediment and the hyporheic habitats display a high permeability. The efficiency of permeable sediments in the degradation of organic matter was for a long time recognized (Williams & Taylor, 1968; Solbe et al., 1974; Solbe, 1975; Bou, 1977) and used for purification processes in wastewater treatment plants (Bruce et al., 1983 , cited by Datry et al., 2003 . Their study in natural watercourses presents a challenging task for present and future researches. Research is now focusing on this domain and numerous recent papers have underlined the strong physicochemical and biological connections between surface and groundwater, and their importance for the ecological study of lotic ecosystems (Boulton, 2000; Hancock, 2002; Boulton et al., 2003) . To date biological studies were mostly devoted to metabolic and microbial activities (see Jones & Mulholland, 2000; Griebler et al., 2001 ), or to crustacean assemblages (see Griebler et al., 2001) . The oligochaete assemblages received much less attention and research on that subject progressed more slowly than the biogeochemical and hydrological studies (Stanley & Jones, 2000) , with generally a disconnection between the consideration of surface and subsurface zones (Boulton, 2000) .
Interstitial oligochaete assemblages and watercourse functioning

Overview
Oligochaete assemblages are well-known as common inhabitants of surface sediments and hyporheic zone, and they are also significant colonizers of groundwater, especially in deep karstic zones (Malard, 2001) . The consideration of a batch of 93 species demonstrated that at least 62 species were collected both in surface and groundwater (Lafont, 1989) . Moreover, the oligochaete assemblages may occur at all depths, from the surface to the deep hyporheos (Weigelhofer & Waringer, 2003) . In addition, it is less mentioned that the surface coarse sediments shelter the richest assemblages of oligochaetes (Lafont, 1989) . Oligochaetes firmly keep their historical status of ''sludge worms'', giving the impression that they are only an accessory fauna in coarse sediments, whilst the Arthropods are the main faunal elements. Moreover, the use of unsuitable filtration methods, for example 0.500 mm mesh-size which is commonly used in macrobenthos studies, leads to a significant underestimation of oligochaete densities (Nalepa & Robertson, 1981) and the loss of about 50% of the species (Lafont, 1989) . The species richness of small oligochaetes is greater, and this is particularly true in the interstices of the surface coarse sediments and hyporheic system, which generally shelter the smallest species. For example, in the Family Tubificidae, Branchiura sowerbyi, Tubifex tubifex or Limnodrilus spp. are giant species compared to members of the Rhyacodrilinae. Even Nais elinguis may be a giant compared to Rhyacodrilus falciformis, small Phallodrilinae, or species of the genus Cernosvitoviella.
The hyporheic oligochaetes have been less studied than other assemblages (e.g. crustaceans), with the exception of pioneer contributions like those of Botea (1963) , Ladle (1971) , Ferrarese & Sambugar (1976) , Bird (1982) , Schwank (1982a, b) , Dole (1983) , Gaschignard (1984) , Dumnicka (1986) , Juget (1980 Juget ( , 1984 Juget ( , 1987 , Juget & Dumnicka (1986) , Strayer & Bannon-O'Donnell (1988) .
The lack of studies involving both invertebrate communities and hydrologic measurements has been pointed out (Boulton, 2000) , but this is not surprising because multidisciplinary researches are generally more difficult to organize. However, multidisciplinary studies put to the light more interesting findings than the sole consideration of biology or hydrology Valett et al., 1993) .
Examples from case studies River Rhoˆne at Grand Gravier site: definition of AED species A first example is given by the comparison between oligochaete species and hydrologic measurements at a suburban polluted site (the 'Grand Gravier') of the River Rhoˆne downstream of the suburban area of Lyon (Lafont & Durbec, 1990) . The hydrodynamic parameters were measured at a site about 500 m long. Within this site, two stations of 50 m each were selected and the filtration velocity of water through the sediments was assessed by piezometric measurements (2 transects per station). Station 1 (transects T1 and T2, Table 1 ) was characterized by a significant lower filtration velocity than Station 2 (T3 and T4). At both stations, oligochaeta were sampled in surface coarse sediments by means of a Surber net and a metallic corer driven into the substrate by a hammer (depth of the samples: 0-100 mm). A meshsize of 0.160 mm was retained for the sediment filtration. The identification of oligochaetes was conducted to the level of species and informed us about several exciting features:
(1) although a polluted site, the species richness was relatively high (33 species); (2) the biological quality of Station 2 (greater filtration velocity) was significantly better than that of Station 1, and this was related to a decrease of the percentages of pollutiontolerant Tubificidae; (3) at Station 2, a significant increase in the percentages of Gianius riparius (Phallodrilus riparius), Stylodrilus spp., Pristina and Pristinella spp., Marionina argentea, Spirosperma velutinus and Cernosvitoviella atrata was observed. These species were already known as groundwater dwellers and their significant abundances in surface sediments related to upwellings of groundwater (Botea, 1963; Juget, 1980 Juget, , 1984 Juget, , 1987 Gashignard, 1984; Juget & Dumnicka, 1986; Lafont, 1989) .
A second field investigation was performed in the same site at three different depths ()1.5, )4 and )8 metres, Table 1 ). Biological samples were taken using the same Surber type net operated by divers and the mean filtration velocities were available at these stations . A significant increase in percentages of groundwater dwellers (Stylodrilus spp., S. velutinus, Rhyacodrilus sp., Pristinella osborni) was observed at 4 m depth, where the filtration velocities (1): pollution-tolerant Tubificidae, excluding Spirosperma velutinus and Psammoryctides barbatus; AED: Active Exchange Describers (Pristina and Pristinella spp., Cernosvitoviella sp., Stylodrilus sp., S. velutinus, Rhyacodrilus sp.); from Lafont & Durbec (1990) ; Lafont et al. (1992) .
through the sediments were greater (mean filtration velocity: 6.3 m day )1 ). Conversely, the pollution-tolerant species did not significantly decline. More surprising was the increase of the percentages of Psammoryctides barbatus at )4 m, probably in relation to the predominance of coarse sand . The results were more complex than expected, but suggested that the relations between filtration velocities and the percentages of groundwater-dwelling oligochaetes followed a linear pattern.
After these two field studies, the groundwaterdwelling oligochaetes were considered as Active Exchange Describers between surface and subsurface (AED species, Lafont et al., 1992) , because (1) they were primarily groundwater dwellers and; (2) they predominated in the surface layers where filtration velocities through hyporheic sediments were greater. A list of Active Exchange Describers (AED) was proposed and is constantly improved (Table 2) .
River Roseg
In the glacial river Roseg (Switzerland), the upwellings of groundwater were measured by chemical analyses of the SiO 2 contents. Malard et al. (1999) showed that silica was an effective tracer of groundwater input to the river. Benthic oligochaetes were sampled with a Hess-sampler (sampling area: 0.043 m 2 ). Hyporheic oligochaetes were collected by driving a mobile pipe to a depth of 30 cm below the streambed . Ten litres of interstitial water were extracted using a Bou-Rouch pump (Bou & Rouch, 1967) . The benthic and hyporheic samples were filtered through a 0.100 mm mesh size. The hyporheic oligochaete assemblages exhibited significant species richness and abundances only at stations where upwellings of groundwater occurred . Nearly all the collected species belonged to AED indicator taxa (Table 2) , with the exception of Nais communis, a superficial species suspected to have developed morphological and physiological adaptations to subterranean life ). The benthic oligochaetes followed quite similar distribution patterns at stations where significant upwellings of groundwater occurred . The same predominant species were collected both in the surface and hyproheic sediments. The main difference was that the composition, abundance and distribution of oligochaete communities were more stable over time in the hyporheic system than in the benthic system.
River Moselle
In the river Moselle (France), the situation of surface water downwelling areas was also investigated, and we started from the hypothesis that they might be indicated by the invasion of subsurface areas by surface-dwelling oligochaete species. The oligochaete communities were collected at 5 stations both in surface and hyporheic sediments in June, August and October 1992 (Lafont et al., 1996) . Benthic oligochaetes were sampled with a Surber net sampler (sampling area: 0.04 m 2 ). Hyporheic oligochaetes were collected by driving a mobile pipe to a depth of 30 cm below Sambugar et al. (1999) Hydrologically validated AED Spirosperma velutinus, all the Rhyacodrilinae and Phallodrilinae species, including Rhyacodrilus coccineus, all the species belonging to the Genera Pristina and Pristinella, Chaetogaster parvus, Stylodrilus spp., including S. heringianus**, Rhynchelmis spp., Trichodrilus spp., Bichaeta sanguinea (all the Lumbriculidae, except Lumbriculus variegatus), Cernosvitoviella spp., including C. atrata** and C. carpatica**, Achaeta spp., Marionina argentea** Haplotaxis gordioides**; Dorydrilus michaelseni**; Propappus volki** Suspected AED (need for validation) Bothrioneurum spp., Aulodrilus pigueti, Quistadrilus multisetosus, Haber spp., Lumbricillus fennicus, Tubifex kessleri, Mesenchytraeus armatus, Nais communis** (eyeless populations) **mentioned in the surface and hyporheic sediments of the glacial river Roseg . the streambed, and 10 l of interstitial water were extracted using a Bou-Rouch pump (Bou & Rouch, 1967) . The benthic and hyporheic samples were filtered through a 0.160 mm mesh size. The hydrologic measurements were restricted to the annual hydrographs of the river (1992) . The use of a Factorial Correspondence Analysis (FCA) on the relative abundances of oligochaete species, collected in benthic and hyporheic samples, allowed to identify the three species groups which explained the first plane of the FCA (F1-F2 = 37% of the total inertia). Group 1 included two superficial Naididae species, Nais barbata and Nais bretscheri. Group 2 was characterized by the predominance of superficial Tubificidae taxa, which are well-known for their pollution-tolerance (Limnodrilus hoffmeisteri and immature worms without hair setae). Group 3 comprised the Active Exchange Describers (AED) (P. volki, Pristina longiseta, P. aequiseta foreli and P. jenkinae). The seasonal evolution of oligochaete assemblages at Station 1 (the less polluted situation, no water pumping) showed that, both in surface sediments and the hyporheic system, the assemblages changed from being a superficial Naididae population (Group 1) in June, to a population of AED species (Group 3) in August and October (Fig. 1) . At Station 4, the most polluted situation (paper-mill industry) with intensive groundwater pumping, surface sediments and the hyporheic system were predominantly colonized by taxa of Group 2 (pollution-tolerant genus Limnodrilus, Fig. 2) . The dynamics of hydrological functioning, illustrated by the hydrographs, were consistent with the distribution of oligochaete assemblages at Station 1. The hyporheic system was invaded by surface species at the end of high surface water discharges (June, previous predominance of surface water downwellings). On the contrary, both surface sediments and the hyporheic system were invaded by AED species when low riverbed discharges occurred (August-October), suggesting that the river was predominantly fed by upwellings of groundwater. At Station 4, the predominance of the superficial and pollution-tolerant genus Limnodrilus, both in superficial sediments and the hyporheic system, was considered as the consequence of intensive pumping, the groundwater table being constantly low and downwellings of polluted surface water constantly predominating either during high or low riverbed discharges.
River Rhoˆne at Chasse-sur-Rhoˆne site At Chasse-sur-Rhoˆne, a polluted site of the river Rhoˆne (downstream of the urban area of Lyon), the goal was to assess the vulnerability of a waterpumping area for drinking water supply . The oligochaete samples were collected both in surface and hyporheic sediments in October 1992, under low river discharge conditions. The sampling methodology was strictly similar to the one used for studying the river Figure 1 . River Moselle at Station 1 (slight pollution, no water-pumping in ground water); annual evolution of the river discharges (m 3 s )1
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) and groups of oligochaete species (Gr1, Gr3) that predominated both in surface sediments (S) and the hyporheic layer (H); the vertical arrows correspond to the sampling dates of oligochaete assemblages.
Moselle. The 5 studied stations in the river were facing five pumping wells (P1-P5) located into the banks. The percentages of pollution-tolerant species of Tubificidae were higher in the hyporheic zone than in the surface sediments at Stations P1 and P4, equal at P2 and P3 and lesser at P5 (Fig. 3) . The biological features suggested: (a) the predominance of downwellings of surface water at the whole site and the vulnerability of the groundwater resource to surface pollution, with Station P3 being the most vulnerable, and; (b) the storage of pollution in the hyporheic system of P1 and P4, due to former downwellings. One sampling season was considered, however the biological results were in accordance with those of the hydrological study , except for P2, where the hydrological study did not mention the vulnerability to pollution.
Case of an urbanized site (Rhoˆne basin)
At the Cre´pieux-Charmy site (urban area of Lyon), an alluvial zone of about 375 ha was delineated for the protection of the groundwater resource devoted to drinking water supply. The oligochaete and crustacean assemblages were sampled on three occasions (June and November 1993, July 1994) in the coarse surface and hyporheic sediments at 12 stations of the river Rhoˆne, the Miribel and the Jonage canals. The sampling methodology was the same as the one used for studying the river Moselle and Chasse-sur-Rhoˆne site. The surface waters were only slightly polluted as the area is upstream of the industrial activities (Camus & Lafont, 1994) . The oligochaete species richness accounted for at least 59 species, with rare species like Trichodrilus intermedius. When considering the 13 species only found at the Grand Gravier (Lafont & Durbec, 1990; Lafont et al., 1992) and three others only found at Chasse-surRhoˆne , the coarse and hyporheic sediments of these three urbanized sites (Cre´pieux-Charmy, Gand-Gravier, Chasse-surRhoˆne) sheltered at least 75 species. The examination of the percentages of superficial species in the hyporheic layer and of the AED species in the ) and group of oligochaete species (Gr2) that predominated both in surface sediments (S) and the hyporheic layer (H); the vertical arrows correspond to the sampling dates of oligochaete assemblages. surface sediments enabled a map to be drawn of the hydrologic exchange zones (Fig. 4) . These results were in accordance with the global view of hydrologic evaluation, with the predominance of upwelling processes during low surface water discharges (July 1994, Fig. 4) . The Cre´pieux-Charmy site gives an illustration of how to exploit oligochaete assemblages in integrated functional studies, although further refinements are expected (e.g. comparison of invertebrate assemblage patterns with hydrological modelling). This study also demonstrated the importance of surface coarse and hyporheic sediments for the protection of oligochaete biodiversity.
Discussion, conclusion
Very similar distribution patterns of surface and hyporheic oligochaete assemblages were obtained from different watercourses -the Moselle, the Rhoˆne and the glacial river Roseg. Nine of the 16 oligochaete taxa collected from the river Roseg were found in the Cre´pieux-Charmy and Grand Gravier areas. The 6 Active Exchange Describers (AED) of the river Roseg were all collected in the river Rhoˆne (Table 2 ). The main difference is that the number of AED species is greater in the Rhoˆne than in the Roseg, in relation to a less harsh environment.
The pollution-tolerant species found in the hyporheic zone of the river Moselle are the same as those that dwell in polluted surface sediments (Lafont et al., 1996) . The same applies to karstic areas (Malard, 2001) . The great interest when considering oligochaete assemblages lies in their simultaneous values as water exchange and pollution indicators, which are related to their ability to colonize both surface and groundwater habitats. The studies of the river Moselle and river Rhoˆne at the Chasse-surRhoˆne site led us to the view that the hyporheic system keeps the 'memory' of past and present pollutions in stony streams and rivers (Lafont et al., 1996) . This concept was strengthened by results obtained from the study of the ecological incidence of intermittent pollutions (combined sewer overflows CSOs) at four stations was related to high ammonium salt contents in the hyporheic waters and suggested that downwellings of polluted waters predominated. Moreover, T. tubifex and L. rivalis significantly occurred in the coarse surface sediments at Station 4 only when the CSOs were high and stream discharges very low (August to the beginning of October 2000). These results emphasized the general view that coarse surface sediments are more exposed to the variations of surface hydraulic conditions and more unstable than the hyporheic system (Giere, 1993) , a situation also illustrated by the study of the river Roseg . In consequence, the benthic sediments give incomplete diagnoses of pollution effects.
The concept of the vulnerability of groundwater to a surface pollution was previously proposed (Lafont et al., , 1996 . However, this was a simplistic view as the hyporheic zone may also contaminate the surface sediments, a feature which is well-documented regarding nutrients (Holmes, 2000) -that probably exists in the rivers Moselle and Rhoˆne. Moreover, the surface sediments are not always permanently saturated and can become exposed during low water discharges, or removed during floods. Conversely, the hyporheic system is generally permanently saturated, even when the surface stream-bed has dried up, and it remains intact during floods, particularly in the deeper layers (McElravy & Resch, 1991) . Because of this, the hyporheic zone may accumulate more pollutants. In conclusion, for fundamental or applied studies, the sole consideration of the surface sediments gives us incomplete information (Ferrarese & Sambugar, 1976; Hynes, 1983; Rouch & Danielopol, 1987; Danielopol, 1989; Ward & Palmer, 1994) . In the case of pollution studies, it is a serious gap which might lead to a biased view about the state of ecological degradation. Furthermore, as the self-purification capacities of a river are strongly related to the hydric exchanges between surface and subsurface (Hancock, 2002) , the biological assessment of downwellings (predominance of superficial species in the hyporheic zone) and upwellings (predominance of AED species in the surface sediments) would be very useful in the functional studies of watercourses where coarse sediments predominate.
Unfortunately, most biomonitoring schemes focus on the surface habitats and neglect the hyporheic system. In France, the IBGN index (invertebrate index, Afnor, 1992) , the diatom index IBD (Afnor, 2000) and the oligochaete index IOBS (Afnor, 2002) only refer to the surface habitats. The biomonitoring of hyporheic zones remains disconnected from that of the benthic system, except some valuable recent proposals (Boulton, 2000; Boulton et al., 2003) . This situation is not satisfactory because of the close connections between surface and groundwater.
The value of oligochaetes as pollution indicators is well-recognized, as well as their strong relations with organic matter which is for example attested by their role in wastewater treatments (Bou, 1977; Bruce et al., 1983 , cited by Datry et al., 2003 . Oligochaete metabolic activity in coarse sediments and the hyporheic zone is well less known. This is an important ecological trait which has not been studied enough, but is in the course of being developed in field (Datry et al., 2003) and experimental case studies (MermillodBlondin et al., 2003) .
The value of oligochaete assemblages as indicators of pollution, metabolic activities and water exchange is shared with other biocenoses. However the attractive characteristic of oligochaetes is that they might enable biologists to simultaneously assess the effects of pollution, dynamics of water exchanges and metabolic activities. Conversely, oligochaetes are not universal indicators and other taxocenoses must be considered to supplement and refine the diagnoses. The simultaneous use of crustacean and oligochaete communities at the Cre´pieux-Charmy site (Fig. 4) is a good example of an integrated ecological diagnosis. If the ecological value of oligochaetes in surface coarse sediments and the hyporheic system was until now underestimated, it is also important not to overestimate their importance.
The present and relevant classifications of groundwater organisms (stygoxene, stygophile and stygobite organisms) (Claret et al., 1999) were historically based on the examination of crustacean assemblages or aquatic insect larvae. However, oligochaete species do not easily fit into these classifications and new proposals must be made. The hyporheic zone is generally considered as an ecotone and a refuge during floods or drought (Gibert, 2001) . Regarding oligochaete communities, the hyporheic zone might be above all a reservoir of species, and probably the main route for the dissemination of species ). These observations are consistent with the concepts of Bretschko (1991) and Naiman et al. (1988 , cited by Bretschko 1991 .
As a conclusion, it is suggested that the study of coarse surface sediments and hyporheic systems is indispensable to understand the ecological functioning of watercourses. The fine sediments must be considered in biomonitoring studies ), but in watercourses where the coarse sediments predominate, the interest of fine sediments for the understanding of river functions declines when their percentage cover of the river bed is reduced (Lafont, 2001 ). Our present research focuses now on the study of surface coarse sediments and the hyporheic system, with special reference to the comparison between the distributions of invertebrate assemblages, the modelling of hydrological exchanges and the geomorphological background.
